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LEAN COMBUSTION LIMITS OF A CONFINED
PREMIXED-PREVAPORIZED PROPANE JET
by Kenneth L. Huck and Cecil J. Marek

Mational Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

Liean blowout limits are reported for a premixed-prevaporized
propane jet issuing into a cylindrical combustor, A single hole ina
flat plate was used as a flameholder. Flameholders with various hole
diameters were used. Jet velocities were varied from 3 to 290 meters
per second, The combustor cross-sectional area was changed by using
different quartz liners of 12,7 and 22, 2 millimeters diameters. As a
result the combustor Reynolds number varied from 1000 to 9000. Sta-
hility was achieved at laminar as well as turbulent conditions. Three
zones of flame stability were observed. The blowout equivalence ratio
varied with step size and the combustor and jet Reynolds numbers. The
combustor inlet mixture temperature was 395 K, and the combustor
pressure was 1 atmosphere.

INTRODUCTION

An experimental investigation was conducted to determine the ef-
fects of jet velocity and confinement on lean premixed-prevaporized
propane/air blowout limits,

Oxides of nitrogen, NOX, have been found to be an important major
pollutant of both subsonic and supersonic aireraft cruising at high alti-

tudes. The National Academy of Sciences and the Climatic Impact



Assessment Program suggested the cruise NOx emissions be reduced
by ten- to twenty-fold from current levels (refs, 1 and 2),

Recent studies have shown lean premixed-prevaporized (LPP) com-
bustion to be an effective means of reducing NO formation in gas tur-
bines (ref. 3). One of the major problems of LPP combustion is stabi-
lizing the flame near lean blowout, It has been suggested that a funda-
mental investigation of the influence of reference velocity and confine-
ment on lean blowout limits be made (ref. 4),

Perforated plates are candidate flameholders for LPP combustors,
Since it is both difficult and expensive to test all of the hole diameter
and flameholder step combinations, a small combustor having a single
hole perforated plate flameholder was designed to provide quick screen-
ing of combinations of flameholder hole size and percent blockage.
Blowout data for three small can combustors of multihole design are
reported in Ref, 5. The hole pattern and size of the recirculation zone
were found to influence blowout, However, the effect of blockage and
turbulence on stability was not clarified. The single hole perforated
plate flameholder should provide baseline data on stabilizing LPP
flames,

EQUIPMENT AND PROCEDURE

The combustor consisted of a single hole flameholder within a
quartz liner. Propane was used as the fuel because of the similarity
between its blowout characteristics and those of jet fuel (refs., 6 and 7).
Propane is quite safe from an autoignition standpoint (ref, 8) and it

vaporizes at room temperature so that it can be premixed ecasily,



A photograph of the combustor and associated parts is shown in
Fig, 1. The propane and air were mixed in a tee located 1 meter up-
stream of the inlet, Further mixing occurred in the mixing chamber.
The mixing chamber was 52 millimeters in diameter by 40 millimeters
long, see Fig, 2. A 20-millimeter thick layer of ceramic fibre pack-
ing was placed upstream of the {lameholder between a wire mesh holder
and the flameholder plate to prevent flashback and to distribute the flow
uniformly across the flameholder hole.

Five flameholder plates and two quartz liners were used in the ex-
periment. The holes in the fiameholder plates were 3.2, 6 3, 12.7,
19.1, and 22. 2 millimeters in diameter. The plates were 3. 2 milli-
meters thick., The flameholder plates were bolted between flanges so
that they could be changed easily. The quartz liners were 164 milli-
meters long with inside diameters of 12.7 and 22. 2 millimeters. The
quartz liners werce centered inside the 52 millimeter diameter stainless
steel body with centering rings., Quartz insulation was packed between
the liner and outer tube to keep heal loss to a minimum, Combustion
was initiated by a spark plug ignitor placed outside of the combustion
chamber, The hot combustion gases were exhausted to the atmosphere
through a water-cooled pipe.

The flow schematic of the air and propane as well as the instrumen-
tation stations is shown in Fig, 3, The system was operated from a re-
motely located control room where test conditions were set using digital
voltmeter displays. Electrical inpuis were supplied to an IBM 360/67
computer for data recording and on-line data analysis. The airflow was

metered through a subsonic, 2. 54-millimeter diameier, calibrated orifice.



The propane was passed through a steam heat exchanger and the flow
rate measured with a 0, 3-millimeter diameter orifice calibrated for
both subsonic and sonic flow. The propane lines downstream of the heat
exchanger were steam traced which heated the inlet mixture to 395 K.
Static and differential pressures were measured by transducers and
temperatures measured by Chromel-Alumel thermocouples,

Combustion was initiated by opening a remotely controlled bypass
valve which allowed some of the fuel-air mixture to bypass the flame-
holder through a spark ignition system. The burning gases from the
spark ignitor were injected into the combustor through a 6-millimeter
hole in the liner. This ignition system prevented any object from pro-
jecting into the jet stream to act as a flameholder, After the thermo-
couple probe showed burning in the combustor, the bypass valve was
closed.

The procedure, after the combustor was ignited, was to set a fuel
flow and continue to increase airflow until blowout occurred, Airflow
was increased slowly so that the liner would cool and not provide hot
spots as sources of stability. The output of the thermocouple probe
was viewed on a strip chart recorder and when a rapid drop in temper-
ature occurred, this was taken as the blowout point, Data was taken as
the airflow was increased and stability plots made. Only the data points
just before blowout are included in this report for reasons of figure
clarity.

One series of tesis were made with the outer stainless steel body
and quartz insulation removed. This was done to observe the zones of

flame stability inside the quartz liner.



The combustor and the associated valves and transducers were as-
sembled on a cart for ease of removal from the test cell, The assem-
bled apparatus is shown in Fig, 4,

TEST CONDITIONS

Airfiow was varied from 1 to 2,3 grams per second. Ihlet mixture
temperature was 395 K + 5. Liner reference velocity defined as the air-
flow rate divided by the product of the inlet air density and the liner
cross~-sectional area varied from 1 to 16 meters per second, Since the
combustor was vented, combustion took place at 1 atmosphere.

Table Iis a list of configurations tested which include five configu-
rations with the 22, 2-millimeter liner and two configurations with the
12. T-millimeter liner. The percent blockage was based on the area of
the liner minus the hole area ratioed to the area of the liner,

RESULTS AND DISCUSSION

The stability of combustion was determined for a confined premixed-
prevaporized propane jet, Lean limit stability was obtained as a function
of combustor Reynolds number, Three zones of stability were recognized
from analysis of the data and confirmed by visual observation of the
flame, The three zones are shown schematically in Fig, 5. The region
where the flame stabilized depended upon the Reynolds numbers of the
liner and the jet and upon the step size of. the flameholder, The Reynolds
numbers were computed from the diameter of the liner and jet and the
fluid properties at the inlet mixture temperature and pressure.

At low jet velocities the flame is stabilized within the jef, called
zone 1. A very dim flame cone was seen to form in the center of the

combustor with flame cells burning around the base of the cone. The



appearance of the cone depended on the Reynolds number of the jet.

For Reynolds numbers below 2100, the cone was well defined and sharp,
For Reynolds numbers above 2100, the cone thickened into a flame
brush, As the jet velocity was increased, the flame was stabilized by
the recirculation zone lip, zone 2, However, for the small recircula-
tion zone steps (i, e., large hole diameters), the step size was not large
enough to stabilize the flame. In this case the flame became lifted and
zone 3 combustion existed. The flame was stabilized at the wall down-
stream of the step and the flame appeared as an inverted cone.

The stability data for the 22, 2-millimeter liner is shown in Fig,
6(a-e). The equivalence ratio is defined as the fuel flow rate divided by
the stoichiometric fuel flow rate required to completely consume all of
the oxygen in the air, The flame is stable at equivalence ratios above
the blowout curve shown in the figure. For the 22, 2-millimeter hole
flameholder (fig. 6(a)) no step exists and only zone 1 or zone 3 flames
exis:. At low Reynolds numbers, zone 1 would exist and as tre equiva-
lence ratio was decreased blowout would occur. Flashback into the mix-
ing chamber was prevented by the ceramic fibre packing, At higher
Reynolds numbers the flame would be stabilized at zone 3. The exact
point of transition from zone 1 to zone 3 burning was not determined.

For jet hole sizes larger than 6.3 millimeters (figs. 6{a) to (c))
the stability plots show a maximum occurring between a Reynolds num-
ber of 2000 to 3200. To the left of the maximum, laminar burning is
taking place. The increase in blowout equivalence ratio, until a Reynolds
number of 2000 to 3200 is reached, is caused by the increasing inability

of the laminar flame front to propagate through the mixture at higher
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mass flows. Higher equivalence ratios are required to obtain higher
larinar burning speeds., For example, at 395 K between equivalence
ratios of 0,60 and 0, 66 laminar burning speed increases from 0.22 to
0. 29 meters per second, respectively (vef, 9).

When the mass flow rate was increased so that the Reynolds number
was greater than 3200, the combustion became turbulent, Bince turbulent
flame propagation speeds are greater than laminar flame speeds, the
blowout equivalence ratios again decrease.

A composite figure fox the 22, 2- millimeter liner is shown in Fig,
6(f). The 8. 2-and 6, 3-millimeter flameholders never formed laminar
hurning flows because the high turbulence level of the inlet jet was not
dissipated. TFor these two flameholders the zone 1 flames were observed
to be very turbulent and intense, even at low liner Reynolds numbers.

The stability curves for the flameholders cross each other ata
Reynolds number of about 2000, indicating that the step size below this
Reynolds number is not eflective in stabilizing combustion, For the large
step sizes the residence time in the recirculation zone is large in com-
parison to the chemical reaction time; and wall quenching is important,
When the flow rate into the recirculation Zone balances the wall quench,
zone 2 stability exists, The {low rate into the recirculation zone in-
creases with increasing velocity and turbulent mixing. A point is reached
where the heat release rate is greater than the wall quench rate and com-
bustion is maintained in zone 2, It appears that the size of the recircula-
tion zone controls the minimumn equivalence ratio, However, as the step
size is increasing, the hole diameter is becoming smaller and for a given

liner Reynolds number the jet Reynolds number increases with decreasing



hole size., TFor the large step sizes, stability improves with turbulence.
The different cases all approach each other near a Reynolds number
equal to 6000 as shown in Fig. 6(f).

Figure 6(f) also shows an interesting difference between the 19, 1~
and 22, 2-millimeter test cases in the 1000 to 3000 Reynolds number
range, The lean blowout equivalence ratio for the 22, 2-millimeter case
is unexpectedly less than the 18 l-millimeter case. The difference is
quite large considering the small step involved. The small decrease in
flow area for the 19. 1-millimeter case increases the veloeity with a net
decrease in stability more than the step increases stability, The dis~
turbance in the flow causes the unburnt mixture to quench the laminar
flame which is basically wall stabilized.

Test results for the 12, 7~-millimeter liner, shown in Fig, 7(a) to (c;
indicate a reverse trend in stability versus liner Reynolds number. As
the liner Reynolds number increased the stability deteriorated (i.e., the
lean blowout equivalence ratio increased), This reversal was attributed
to the stability mechanism changing from wall quench limiting to chemi-
cal kinetic limiting, The relative recircalation zone sizes for the two
liners at 4 given hole size are shown schematically in Fig, 8. The re-
eirculation zone size was decreased by a factor of aboul 5 which de-
creased the residence lime within the recirculation zone to values equiva-
lent to the chemical kinetic reaction time, As the jet velocity was in-
creased, the equivalence ratio had to be increased to compensate ior the
decreased residence time available,

The decreased recirculation zone size characteristic of the 12.7-

millimeter liner when compared to the 22, 2-millimeter liner coupled



with higher liner velocities was thought to be the cause for the increase
in minimum blowout equivalence ratio for a piven jet hole size, This
result is depicted in rig, 9.

SUMMARY OF RESULTS

Lean stability limits were mapped for a confined propane jetina
cylindrical combustor. Three zones of {lame stability were observed
depending un tae liner and jet Reynolds number and the combustor
geometry. At low Reynolds number the combustor was jet stabilized.
As the Reynolds number was increased the combustor became either
recirculation zone stabilized, or for small recirculation zone step
sizes, the combustor was wall stabilized.

The factors affecting stability seem to be the Reynolds numbers of
the liner and inlet jet and the {lameholder step size., For laminar burn-
ing as the jet velocity was increased the combustor equivalence ratio
had to be increased to maintain flame stability, After transition to tur-
bulent flow the flame speed increased and the blowout equivalence ratio
improved by becoming leaner,

At a fixed liner Reynolds number, corresponding to a fixed mass
throughput rate, as the flameholder step size increases the jet Reynolds
number increases, For the 22, 2-millimeter liner, the stability limit
usually improved as the flameholder step size was increased. For the
12, T-millimeter liner, the reverse was true, the stability deteriorated
as the flameholder step size was increased, This reversal was attrib-
uted to the mechanism for stability changing from wall quench limiting

to residence time limiting.
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TABLE [
‘ Combustor | Flameholder Flameholder! Liner wall
| lner hole size, blockage, | thickness,
- diameter, nm mm mm
mm
i 22,2 3.2 97.9 1.8
6.3 91.8
! 12,17 67.3
19.1 26.5
22,2 0
12.7 3. 93.7 1.3
6

[P R




SINGLE

CERAMIC  HOLE
MIXING  FIBRE  FLAME-  SPARK COMBUSSTOR

INLET CHAMBER PACKING HOLDER PLUG s

EXHAU ST

22,2 MM

QUARTZ
LINER L MM ——

©
s
S
€
@

WITH
INSULATION 12,7 MM QUARTZ LINER
PULLED OUT T

Figure 1, = Photograph of unassembled combustor,

.~ WATER COOLED

EXHAUST = | e
- ~ LOMBUSTOR
" THERMOCOUPLES
| ’ __— QUARTZ INSULATION
| ___— COMBUSTOR
3 a
\
SPARK IGNITOR

H’RODUCIBILITY
ORIGINAL PAGE ISOI?OOTII%I

+ — R
INLET
PROPANE
AIR MIXTURE — —

“iqure 2. - Schematic of combustor dimensions in millimeters.



REPRODUCIRILITY OF THE
ORIGINAL PAGE IS POOR

P WATER COOLED
T EXHAUST
PR pp 'Y
SHOP DP | ~— COMBUSTOR
AR | — - SPARK PLUG
SUPPLY PRESSURE ORIFICE REMOTE
REGULATOR T CONTROLLED
ANNIN VALVE
:
) . SOLENO|D
MIXER | L -
0 TEE
VENT
S
T »
= REMOTE CONTROLLED I:T] ORIFICE
= PRESSURE REGULATOR
o
& ———— STEAM TRACED

ALL LINES 0,63 CM S. S.
Figure 3, - Flow schematic of alr and propane showing Instrumentation,



Yy

JAIR OPERATED |l

IGNITION

< AR ORIFICE
"N PRES SURE :
TRAN SDUCER S o

-
1] B TRAN SFORMER

)

3
RCOMEUSTOR | §

Exhaust

SPARK PLUG

ZONE 3 - WALL STABILIZED

ZONE 2 - RECIRCULATION
ZONE STABILIZED

3y | ZONE1 - JET STABILIZED
\_/:
= AIR PRES SURE
REGULATOR
PREMIXED
PROPANE
AIR

Figure 5. - Zones of combustion stability.

C-77-3193

Figure 4, = Assembled combustor on cart,

§§
EU
3
= &
g;g

&
39

~§



EQUIVALENCE RATID, ¢

5B
.56

.54
.52

.10

.66

.62

.58

.56

.54
.52

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

STABLE

UNSTABLE

| | I I I | |

1000 200 3000 4000 5000 6000 7000
LINER REYNOLDS NUMBER

| I I I I I |

1 2 3 4 5 6 7
JET AND LINER REFERENCE VELOCITY, mfsec

{a) STABILITY MAP OF 22.2 mm FLAMEHOLDER WITHIN 22. 2 mm
LINER.

STABLE

O

©  UnsTABLE

| | I I I I I

1000 2000 3000 4000 5000 6000 1000
LINER REYNOLDS NUMBER

I I I I | | I

1 2 3 4 5 6 7
LINER REFERENCE VELOCITY, misec

2 4 6 8 10
JET VELOCITY, mfsec

(b} STABILITY MAP FOR 19.1 mm HOLE FLAMEHOLDER [N 22 2 mm
LINER.

Figure 6.



0¢
|68_
66— STABLE
'64_
o)
02—
601 UNSTABLE
58—
Bh—
JSd|—
52 [ I L .1 I ] |
% 1000 2060 3000 4000 5000 6000 7000
LINER REYNOLD 5 NUMBER
S ! L | | | |
= 0 1 2 3 4 5 6 7
) LINER REFERENCE VELOCITY, mlsec
wr
[ ]
g | | | | ]
= 0 5 10 15 20
g JET VELOCITY, misec
Ll
{c) STABILITY MAP FOR 12.7 mm HOLE FLAMEHOLDER IN 22.2 mm
LINER.
10—
68—
,66+— STABLE
6
62—
. 60}—
58—
56— UNSTABLE
54—
59 I | I I I I |
0 1000 2000 3000 4000 5000 6000 7000
LINER REYNOLDS NUMBER
I ] i I I ! I |
0 1 2 3 4 5 6 7
LINER REFERENCE VELOCITY, misec
L | I |
0 = 50 75

JET VELOCITY, misec

(ct) STABILITY MAP FOR 6.3 mm HOLE FLAMEHOLDER IN 22. 2 mm
LINER,

Figure 6. - Continued.




EQUIVALENCE RATIO, ¢

64— STABLE
Q

UNSTABLE

© 0

.52 | I I I I |
0 1000 200 3000 4000 5000 6000 7000
LINER REYNOLDS NUMBER
I | I I ] l I |

0 1 2 3 4 5 ] 7
LINER REFERENCE VELOCITY, misec

I I | | | | |

0 50 100 150 200 &0 300
JET VELOCITY, m/fsec

{e) STABILITY MAP FOR 3,2 mm HOLE FLAMEHOLDER IN 22,2 mm

LINER.

0 FLAMEHOLDER

61— HOLE SIZE,

* mm

66— 22.2

19.1

64— 12.7
[ 6.3

.62 %2

60—

58—

56—

SA _—

50 | I I | | I I

0 1000 2000 3000 4000 5000 6000 7000
LINER REYNOLDS NUMBER

{f) STABILITY MAPS FOR 22,2 mm LiNER.
Figure 6. - Concluded.

I Ty S PO

R AR A e -




EQUIVALENCE RATIO, ¢

I8
L6
L] 74 =
72—
(1]
8
6 STABIE
N e
L 621— UNSTABLE
ob— 1 11 1| I R
] 1000 2000 3000 4000 5000 6060 7000 8000 9000
LINER REYNOLDS NUMBER
I ! i | | | l i |
0 2 4 6 8 10 12 14 16 18
LINER REFERENCE VELOCITY, m/sec
I [ I [ ! [ l i
0 10 2 30 40 50 60 70
JET VELOCITY, misec
{a) STABJLITY MAF FOR 6.3 mm HOLE FLAMEHOLDER [N 12.7 mm LINER.
L8
L6
L 14—
20—
70— UNSTABLE
LB
66—
64—
62—
6 ! | | | | | | 1 I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
LINER REYNOLDS NUMBER
L I | I ( | | | l |
0 2 4 6 8 10 12 14 16 18
LINER REFERENCE VELOCITY, mfsec
[ l | [ [ |
0 50 100 150 20 50 300

JET VELOCITY, mfsec
fb) STABILITY MAP FOR 3.2 mm HOLE FLAMEHOLDER IN 12,7 mm LINER.
Figure 7.



EQUIVALENCE RATIO, @

&2 8 8835 B o =

-
o
[a")

.
[=2)
(=]

(=}

FLAMEHOLDER
HOLE SIZE, Pt
mm

——— 63 -

—_—— 32

I I I | | | I I

1000 2000 3000 4000 5000 6000 7000 8000
LINER REYNOLDS NUMBER

(c) STABILITY MAPS FOR 12.7 mm LINER.
Figure 7, - Concluded,

22,2 mm LINER
N\ A

\ / 12.7 mm
\ / LINER

[
1 \! /

I
\
Vo v
1 v
Vo Vo
‘H‘ Q\IO

ovverssses [ roeceseee vz

w

Figure 8. - Sketch of flameholder recirculation zone for
3.2 mm hole flameholder.




EQUIVALENCE RATIO, ¢

/6.3 mm HOLE £

’
U

/ 22,2 mm LINGR
g

I | I | I |

4 6 8 10 12 14 16
LINER REFERENCE VELOCITY, misec

Flgure 9. - Effect of flame conflnement on stability.



